Reduced lysozyme was renatured by sulfhydryl-disulfide interchange reactions at pH 8.0 in the presence of 4 M urea, with or without additives at 40°C. In the absence of additives, the final folding yield of reduced lysozyme was -40%. In the presence of sarcosine, glyceroL ammonium sulfate, /V-acetyl glucosamine and glucose, its folding yields increased in all cases. In particular, yields increased up to 90% in the presence of 4 M sarcosine. On the other hand, the melting temperatures of lysozyme with or without additives in 0.02 M citrate buffer (pH 6.0) were evaluated using differential scanning calorimetry. In the absence of additive, the melting temperature of lysozyme was 73.8°C. In the presence of additives, all melting temperatures were higher than that of lysozyme in the absence of additives. Moreover, there was a good correlation on addition of additives between an increase in the folding yield of reduced lysozyme with 4 M urea and an increase in the melting temperature without 4 M urea. Therefore, we conclude that additives, which stabilize native lysozyme, are effective at increasing the folding yield of reduced lysozyme in 4 M urea.
Introduction
In the course of refolding of proteins from the unfolded state, aggregation leads to a decrease in the recovery of folded proteins (Teipel and Koshland, 1971; Jaenicke, 1974; London et al, 1974; Zettlmeissl et al, 1979; Goldberg et al, 1991) . For example, reduced lysozyme was recovered to 80% in a concentration range from 20 to 100 |!gyml in renaturation buffer (Maeda et al, 1994) . However, the folding yield of reduced lysozyme gradually decreased at the concentration >100 (Ag/ml and turbidity appeared in the renaturation buffer. At a concentration of 200 ng/ml, the folding yield of reduced lysozyme was ~40% and a precipitation appeared in the renaturation buffer (Maeda et al, 1994) . The decrease in yield at a high concentration of reduced lysozyme has been explained by the kinetic competition of folding and incorrect aggregation (Goldberg et al., 1991) . Aggregation has been suggested to be the result of non-specific interactions between hydrophobic regions of polypeptide chains (Goldberg et al., 1991; Maeda et al., 1994) . In the presence of an appropriate concentration of denaturants, such as urea, the aggregation during protein refolding has been shown to be strongly depressed (Orsini and Goldberg, 1978; Rudolph et al., 1979; Cleland and Wang, 1990; Maeda et al., 1994) , resulting in an increase of the folding yield of unfolded protein. Because urea has affinity with hydrophobic side chains and peptide groups, as a result the solubility of denatured protein increases (Tanford, 1970) . Therefore, the non-specific interaction of denatured protein is expected to decrease in the presence of urea. Indeed, even in the presence of 1 M urea, at a high concentration of reduced lysozyme the folding yield increased (Maeda et al, 1994) . However, the folding yield of unfolded protein decreases if the concentration of urea is increased further, even though >8 mg/ml reduced lysozyme can be soluble in the presence of 4 M urea (Maeda et al, 1995) . This is because the equilibrium between the folded state and the unfolded state shifts to the unfolded state. On the other hand, in the presence of redox agents and urea, there would be an equilibrium relationship between the reduced and the folded states in proteins (Maeda et al, 1995) . Under these circumstances, if equilibrium between the folded and the reduced states shifts to the folded state, the folding yield of the protein should increase. To validate this theory, reduced lysozyme was refolded by the addition of additives which thermodynamically stabilize proteins in 4 M urea and redox agents. If the theory is valid, by adding the additives in urea solution, it is possible to refold those proteins that are very unstable and tend to aggregate.
Here we demonstrate that the folding yields after renaturation of reduced lysozyme by sulfhydryl-disulfide (SH-SS) interchange reactions in renaturation buffer containing 4 M urea increase following the addition of additives such as sarcosine, glycerol, ammonium sulfate, N-acetyl glucosamine (NAG) and glucose, which thermodynamically stabilize proteins.
Materials and methods

Materials
Recrystallized (5X) hen egg-white lysozyme was donated by QP Company (Tokyo, Japan). Micrococcus luteus was purchased from Sigma. Oxidized glutathione and 2-mercaptoethanol were purchased from Nacalai Tesque (Kyoto, Japan). Sarcosine, glycerol and NAG were purchased from Nacalai Tesque (Kyoto, Japan). All other chemicals used were of the highest quality commercially available.
Renaturation of reduced lysozyme
The renaturation of reduced lysozyme was carried out according to the method of Maeda et al. (1994) with slight modifications. Lysozyme was dissolved in 1 ml of 8 M urea solution and reduced with fresh 2-mercaptoethanol (12.5 \x\) at 40 c C for 1 h under a nitrogen atmosphere (reduction mixture). On the other hand, 19.8 ml of 4 M urea renaturation buffer (0.1 M Tris-HCl buffer containing 1 mM EDTA and 0.695 mM oxidized glutathione, pH 8.0) with or without additives were preincubated at 40°C (renaturation mixture). The renaturation of reduced lysozyme was initiated by adding 200 (il of the reduction mixture to the renaturation mixture with stirring, and was observed by monitoring the lytic activity "7" m means the melting temperature. T m was determined using DSC. The change in excess heat capacities derived on thermal denaturation of the lysozyme was monitored, and the peak temperature was used as the melting temperature. In all cases, the standard deviation was within ±0.3°C. b Folding yield was determined by the lytic activity.
•^alf-refolding times were determined by a linear regression analysis of the first-order rate plots for the appearance of native lysozyme measured by the lytic activity. *The data were from Santro et al. (1992). according to the literature (Anderson and Wetlaufer, 1976) . Namely, at appropriate time intervals up to 300 min, aliquots (100 (II) of the renaturation mixture were transferred into a 2 ml suspension of M.luteus (0.25 mg/ml) in 0.05 M phosphate 462 buffer, pH 7.0, and the initial rate of decreasing turbidity at 450 nm was measured Half-refolding times were determined by a linear regression analysis of the first-order rate plots for the recovery of lysozyme activity.
Determination of the melting temperatures for the thermal denaturation of lysozyme
The determination of the melting temperature for the thermal denaturation of lysozyme was carried out using a Seiko DSC 10 differential scanning calorimeter (DSC) equipped with a Seiko SSC58O thermal controller (Seiko instrument and Electrics, Tokyo, Japan). Fifty-five microliters of lysozyme solution in 0.02 M citrate buffer containing 55 mM NaCl, pH 5.8-6.0 (30 mg/ml), were sealed in a silver vessel and heated from 30 to 140°C at a rate of 1.0°C/min. The melting temperature was defined as the temperature showing the maximal excess heat capacity.
Determination of the solubility of reduced lysozyme
A determination of the solubility of reduced lysozyme was carried out according to the method of Yamada et al. (1994) with slight modifications. Lysozyme, 20 mg, was dissolved in 1 ml of 8 M urea solution (0.584 M Tris-HCl buffer at pH 8.6 containing 8.125 M urea, 5.37 mM EDTA) for reduction. After the solution was degassed, 25 \i\ 2-mercaptoethanol were added to the solution, and the solution was incubated at 40°C for 1 h under a nitrogen atmosphere (reduced solution). On the other hand, 900 (il renaturation buffer (0.1 M Tris-HCl buffer containing 1 mM EDTA without oxidized glutathione and at pH 8.0) containing 4 M urea with or without additives were preincubated at 40°C. The renaturation mixture was added to the reduced solution, and a so the mixture was allowed to stand at 40°C for 3 h. The mixture was then centrifuged and the supernatant separated. Solubility was determined by measuring the absorbance of the supernatant at 280 nm, assuming the A 2 m value of 1 mg/ml lysozyme solution to be 2.63. If necessary, the supernatant was diluted with the buffer.
Results
Renaturation of reduced lysozyme in the presence of 4 M urea
Aggregation during the refolding of proteins was strongly depressed in the presence of appropriate concentrations of denaturants, resulting in an increase in the folding yields of unfolded proteins (Orsini and Goldberg, 1978; Rudolph et al., 1979; Cleland and Wang, 1990; Maeda et al, 1994) . However, if there is too much of an increase in the urea concentration, then the folding yield of the unfolded proteins decreases. This is because the equilibrium between the folded and unfolded state shifts to the right, even though the aggregation is effectively suppressed. Under these circumstances, the renaturation of reduced lysozyme was performed in the presence of 4 M urea with or without additives, so that proteins were thermodynamically stabilized by the SH-SS interchange reaction catalyzed by 2-mercaptoethanol and oxidized glutathione at pH 8.0 and 40°C. The renaturation of reduced lysozyme was initiated by a 100-fold dilution of the reduction mixture. The time courses of the recoveries of lytic activity (percentages with respect to the original activities of the respective lysozymes) are shown in Figure 1 . Under the conditions employed, the deviation of the recovery of activity for lysozyme was <5%. In the presence of urea and without additives, the final folding yield of reduced lysozyme at a concentration of 20 (ig/ml was ~40% (Figure 1 ). In the absence of urea and additives, the final folding yield of reduced lysozyme at the same concentration was >80% (Maeda et al, 1994) . Under these conditions, the folding yield may be consistent with the thermodynamic stability of the lysozyme, judging from the denaturation curve of lysozyme in our previous report (Maeda et al, 1995) . In the presence of 4 M urea and sarcosine, which increases protein stability (Yancey et al, 1982; Santoro et al., 1992) , the final folding yield of reduced lysozyme increased. The final folding yield of reduced lysozyme at a concentration of 20 |ig/ml increased with the increasing concentration of sarcosine ( Figure 1A ). In the presence of >3 M sarcosine, the folding yield of reduced lysozyme was >80%. The half-refolding times of reduced lysozymes, determined by a linear regression analysis of the first-order rate plots for the recovery of lysozyme activity, became shorter as die concentration of sarcosine increased (Table I ). In the presence of 4 M sarcosine, the folding yield of reduced lysozyme was similar to diat in the presence of 3 M sarcosine. However, the half-refolding time became shorter than that in 3 M sarcosine. The renaturation curve of reduced lysozyme in the presence of 4 M sarcosine was similar to that in the absence of urea and sarcosine, as reported previously (Maeda et al, 1994) . On the other hand, at a lysozyme concentration of 200 (ig/ml, the final folding yield of reduced lysozyme in the presence of 4 M sarcosine was 40%, and precipitation was observed in the renaturation buffer. This folding yield of reduced lysozyme was similar to that in the absence of urea and sarcosine. Sarcosine might compete with urea for binding to reduced lysozyme. However, in the presence of 4 M urea and 3 M sarcosine, the final folding yield of reduced lysozyme was 85%.
In the presence of glycerol, which also increases protein stability (Back et al, 1979; Gekko and Timasheff, 1981a,b) , the final folding yield of reduced lysozyme in 4 M urea solution also increased. The three-disulfide derivatives of lysozyme were effectively refolded in the presence of glycerol (Sawano et al, 1992; Tachibana et al, 1994) . The final folding yield of reduced lysozyme increased with increasing glycerol concentration ( Figure IB) . In the presence of 50% glycerol, the folding yield of reduced lysozyme was >80%. The halfrefolding times of reduced lysozyme also become shorter with increasing glycerol concentration up to 30% (Table I ). In the presence of 50% glycerol, the half-refolding time of reduced lysozyme increased in comparison with that in the presence of 30% glycerol.
In the presence of ammonium sulfate, which also increases protein stability (Schmid, 1981; Brandts, 1983, 1987; Schmid et al, 1984; Mitchinson and Pain, 1985; Goto et al, 1988) , the final folding yield of reduced lysozyme in 4 M urea solution also increased. It was reported that ammonium sulfate decreased the unfolding rate of a protein but did not decrease the refolding rate of a protein (Goto et al, 1988) . The final folding yield of reduced lysozyme increased with increasing ammonium sulfate concentration ( Figure 1C) . The folding yield of reduced lysozyme was >70%.
In the presence of glucose or NAG, which also increase protein stability (Back et ai, 1979; Arakawa and Timasfeff, 1982) , the final folding yield of reduced lysozyme in 4 M urea also increased. The final folding yield of reduced lysozyme increased with increasing glucose or NAG concentration ( Figure ID) . The folding yield of reduced lysozyme in the presence of 1.0 M NAG was -60%.
Effects of additives on the thermal stability of lysozyme
The melting temperatures of lysozyme in the absence or presence of the additives in 0.02 M citrate buffer (pH 6.0) were evaluated using DSC. In the absence of any additive, the melting temperature of lysozyme was 73.8°C. In the presence of the additives, all melting temperatures were higher than that of lysozyme in the absence of additives. Moreover, there was a good correlation on addition of the additives between an increase in the folding yield of reduced lysozyme in the presence of 4 M urea and an increase in the melting temperature in the absence of 4 M urea (Figure 2) . Therefore, we found that additives, which thermodynamically stabilize native lysozyme, are effective at increasing the folding yield of reduced lysozyme in the presence of 4 M urea.
Solubility of reduced lysozyme
In the presence of 4 M urea and 4 M sarcosine, the folding yield of reduced lysozyme at a concentration of 200 u.g/ml was ~40%. The low folding yield may be caused by aggregation. The solubilities of reduced lysozyme may decrease when additives are added to the 4 M urea solution, while >8 mg/ml reduced lysozyme can be soluble in the presence of 4 M urea (Maeda et ai, 1995) . The solubilities of reduced lysozyme in the presence of 4 M urea and additives at 40°C are summarized in Table n. More than 1 mg/ml reduced lysozyme was soluble in the presence of glycerol, NAG or glucose. However, the solubility of reduced lysozyme decreased with increasing sarcosine or ammonium sulfate concentration.
Discussion
Folding yield from the unfolded state is governed dominantly by aggregation of the unfolded protein, especially at high protein concentrations. Urea can depress aggregation by increasing the solubility of the unfolded proteins and decreasing non-specific interactions between hydrophobic regions of proteins (Tanford, 1970) . It was found that high concentrations of urea depressed aggregation but decreased protein stability (Maeda et ai, 1995) . Because the equilibrium between the folded and unfolded states shifted to the unfolded state under the conditions employed, the folding yield of reduced lysozyme may decrease.
Here we have studied the effect of additives, which thermodynamically stabilize proteins in aqueous solution, on the renaturation of reduced lysozyme in the presence of 4 M urea. The final folding yield of reduced lysozyme increased with increasing additive concentration in the presence of 4 M urea. The half-refolding times of reduced lysozyme became shorter with increasing additive concentration, except for 50% glycerol (Table I ). In particular, in the presence of 4 M urea and 4 M sarcosine, the half-refolding time of reduced lysozyme was the same as that in the absence of urea and additives. However, the folding yield of reduced lysozyme at high concentrations (200 (ig/ml) decreased because of aggregation. These results
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indicate that sarcosine can compete with urea for binding to reduced lysozyme. Under such conditions, the effect of sarcosine could counteract the effect of the 4 M urea.
The reason why the presence of 50% glycerol did not shorten the half-refolding time could be related to the high viscosity of the renaturation buffer, because the viscosity of such a solution increases in the presence of glycerol. On the other hand, the half-refolding times of reduced lysozyme became shorter up to 30% glycerol. Therefore, these results may indicate that, in the presence of 50% glycerol, depression of the refolding rate caused by glycerol viscosity outweighs the increase caused by the stabilizing effect of glycerol.
On the other hand, there was a good correlation between an increase in the folding yield of reduced lysozyme in the presence of 4 M urea and an increase in the melting temperature by the addition of additives in the absence of 4 M urea ( Figure  2) . Therefore, we concluded that additives employed here were effective at increasing the thermodynamic stability of lysozyme in the presence of 4 M urea and redox agents. By shifting the equilibrium between the folded and the unfolded (reduced) states to the folded state in the presence of additives, the folding yields of reduced lysozyme may increase in the presence of 4 M urea. However, the extent of the increase on the melting temperature of lysozyme upon the addition of additives without urea was moderately correlated with that in the final folding yield of reduced lysozyme upon the addition of additives with 4 M urea. These results suggest that the effectiveness of the additives at increasing the thermal stability of lysozyme in the absence of urea may be to some extent different from that in the presence of urea. Nevertheless, we have demonstrated that equilibrium between the folded and the unfolded states shifted to the folded state after the addition of the additives employed here in the presence of 4 M urea; therefore, the folding yield of reduced lysozyme increased.
A decrease in the solubility of reduced lysozyme was observed when sarcosine and ammonium sulfate were added in the presence of 4 M urea (Table II) . Urea decreases the hydrophobic effect of a protein by interacting with the peptide bonds and hydrophobic side chains (Tanford, 1970) . Therefore, the solubility of reduced lysozyme increased. However, ammonium sulfate and sarcosine increase the hydrophobic effect (Nandi and Robinson, 1972; Liu and Bolen, 1995) . Therefore, the reason why the solubility of reduced lysozyme decreased in the presence of 4 M urea and additives such as sarcosine and ammonium sulfate depended on the competition between urea and these additives in binding to reduced lysozyme. The transfer free energy changes of amino acid residues and peptides from water to ammonium sulfate (Nandi and Robinson, 1972) , sarcosine (Liu and Bolen, 1995) and ethylene glycol (Nozaki and Tanford, 1965) at various concentrations have been measured. The transfer free energy changes to urea are large and negative for hydrophobic side chains and peptide groups (Nozaki and Tanford, 1963) . However, for ammonium sulfate they are small and negative for peptide groups but large and positive for hydrophobic side chains (Nandi and Robinson, 1972) . For sarcosine the transfer free energy changes are small and negative for hydrophobic side chains but large and positive for peptide groups (Liu and Bolen, 1995) . Ammonium sulfate may compete with urea for binding the hydrophobic side chains, and sarcosine may compete with urea for binding the peptide bonds. On the other hand, the free energy changes of ethylene glycol are large and negative for hydrophobic side chains but small and positive for peptide groups. Therefore, by the addition of glycerol, which is a polyol like ethylene glycol, reduced lysozyme is soluble at > 1 mg/ml in the presence of 4 M urea.
From the above results, it can be concluded that equilibrium between the folded and unfolded states in the presence of urea and redox agents can shift to the folded state after the addition of additives such as sarcosine, glycerol, ammonium sulfate, glucose and NAG, which thermodynamically stabilize proteins in aqueous solution. As a result, the folding yield of unfolded proteins can be increased in the presence of 4 M urea. Therefore, this method can be used in the renaturation of high concentrations of denatured proteins, although there is a solubility problem for denatured protein in the presence of urea and additives. In particular, this method may be effective in the renaturation of unstable proteins that could not refold in the presence of such amounts of urea, which can depress aggregation. If additives, such as glycerol, are selected, where protein solubility does not decrease in the presence of appropriate concentrations of denaturant, concentrated unfolded proteins may be refolded at a high yield. Therefore, this information may be useful in the effective folding of unfolded (or reduced) proteins, and may contribute to protein engineering studies in general.
